Lipoic acid (I@) and 2-oxoglutarate dehydrogenase (sucA) mutants of Escherichia coli KI 2 exhibit a requirement for exogenous succinate during aerobic growth on glucose minimal medium. Reversion studies have shown that this requirement can be suppressed by gallinked mutations which inactivate succinate dehydrogenase. Biochemical and genetic studies confirmed that the succinate dehydrogenase gene (sdh) is affected and that suppression is mediated by the same intergenic and indirect mechanism that generates succinate independence in partial revertants of lipoamide dehydrogenase mutants (Creaghan & Guest, 1977) .
INTRODUCTION
Mutants of Escherichia coli K12 requiring succinate for aerobic growth on glucose minimal medium have been isolated and many lack the overall activity of the 2-oxoglutarate dehydrogenase complex (Herbert & Guest, 1968 , 1969 . This multienzyme complex functions in the tricarboxylic acid cycle where it catalyses the oxidative decarboxylation of 2-oxoglutarate to succinyl-CoA. Mutants deficient in the 2-oxoglutarate dehydrogenase complex grow on glucose plus exogenous succinate because glycolysis provides the necessary energy and succinate (which can be converted to succinyl-CoA) satisfies the biosynthetic function of the tricarboxylic acid cycle. However, an active complex is required for growth on non-fermentable substrates such as acetate, because the energy-generating functions of the complete tricarboxylic acid cycle are essential.
Several different classes of mutant requiring succinate through lack of the 2-oxoglutarate dehydrogenase complex (ogdh complex) have been defined. These include mutants with defects in the sucA and sucB genes, located at 16.3 min in the E. coli linkage map and coding for the specific 2-oxoglutarate dehydrogenase (ogdh, El) and dihydrolipoamide succinyltransferase (E2) components of the complex, respectively (Herbert & Guest, 1969) . Mutations affecting the structural gene (lpd) of the common component of the pyruvate and 2-oxoglutarate dehydrogenase complexes, lipoamide dehydrogenase (lpdh, E3), generate a nutritional requirement for both acetate and succinate during aerobic growth on glucose, as well as preventing growth on non-fermentable substrates (including mixtures of acetate plus succinate). The lpd gene is located at 2.3 min, very close to the aceE and aceF genes which specify the dehydrogenase and acetyltransferase components of the pyruvate dehydrogenase complex, respectively (Guest & Creaghan, 1973 ,1974 Guest, 1974) . Mutations in the Zip gene, located at 14.3 min, block lipoate biosynthesis and generate a requirement for exogenous lipoate, which can be replaced by acetate plus succinate for aerobic growth on glucose (Vise & Lascelles, 1967; Herbert & Guest, 1968) . In the absence of added lipoate, failure to synthesize this essential cofactor has the effect of inactivating the acyltransferase (E2) components of both 2-0x0-acid dehydrogenase complexes. Consequently, the nutritional phenotypes of the Zpd and lip mutants are identical except that lip mutants grow with all normal substrates when supplied with exogenous lipoate. The succinate requirement of the suc, Zpd and lip mutants can be satisfied by a mixture of lysine plus methionine. Furthermore, all the mutants grow on unsupplemented glucose minimal medium under anaerobic conditions where other mechanisms for the synthesis of succinate and acetate operate.
During the course of studies on the reversion of lpd mutants it was found that their succinate requirement could be suppressed without affecting other components of the lpd mutant phenotype (Creaghan & Guest, 1977) . The corresponding revertants were given the phenotypic designation Lpd-Sin+ to denote their lack of lipoamide dehydrogenase and their succinate independence. The suppressor mutations (initially designated sin) were found to inactivate the succinate dehydrogenase gene (sdh, 16.2 min) and it was concluded that the revertants are double mutants: Zpd sdh. This prompted an investigation of reversion in other mutants (Zip and suc) to see whether their succinate requirement could be suppressed by a similar mechanism involving the inactivation of succinate dehydrogenase. Also, the nutritional and biochemical properties of a series of mutants lacking different combinations of several enzymes involved in succinate metabolism were investigated to assess the relative importance of these enzymes for succinate production during the aerobic and anaerobic growth of E. coZi K 1 2 on glucose minimal medium.
METHODS
Bacterial strains. The characteristics of many of the strains used in this work have been described previously (Herbert & Guest, 1968; Creaghan & Guest, 1972) , but new numerical designations have been allocated to some in preference to previous designations based on genotypic and phenotypic symbols. Some of the basic strains are listed in Table 1 . Independently isolated succinate-independent revertants were given sin allele numbers starting at sin-25 because sin-I to sin-24 had been allocated previously (Creaghan & Guest 1977) . Many succinate-independent revertants were isolated in JRG26, J R G~~, J R &~ and J R G~~ (Table 1) . and strains ~~~7 9 7 (sin-41), ~~~8 0 2 (sin-51) and JRG803 (sin-59) were derived from J R G~~ (sucAI). A series of F' donor strains containing the F-gal+ plasmids, F152-1, F8, F450 ( F l W l ) , Fls (F100-2) and F152, in the ~~1 5 5 3 background (gal argG metB his leu rpsL recA mtl xyl lac ma1 tonA sup?) were used in conjugation. Details of the chromosomal markers carried by the different plasmids have been described previously (Creaghan & Guest, 1977) .
One strain ~~2 0 2 4 (Table 1 ) was used as the parental strain for assembling all combinations of frdA, sdh, sucA and aceA mutations. The mutations were obtained from some of the basic strains described above or listed in Table 1 , but several had to be modified to facilitate the constructions. For example, J R G~~ (sucAI) Strain JRG33 (12)) Was the parent Of Strains JRG799 (sin-25), JRG800 (Sin-26), JRG801 (Sin-30) and JRG795 (I@'), Creaghan & Guest (1977) Vinopal & Fraenkel (1974) and its succinate-independent derivative ~~~7 9 7 (sucAZ sin-41, equivalent to a suc sdh genotype) were converted to the Gal+ derivatives JRG796 and ~~~7 9 8 by conjugation with the F152-1 donor for subsequent transfer of siic and the suc plus sdh mutations by Gal+-linked P1 transduction; the segregation of suc and sdh genes is extremely rare in such crosses. Also, a spontaneous rifampicin-resistant (rpoB) derivative of ~8 -5 m designated K8-5mR was selected by plating on L agar plus rifampicin (200 pg ml-l) to permit RpoB--linked transfer of the aceA mutation to specific recipients. The desired strains were constructed without making unjustifiable predictions about possible succinate requirements and in several cases, enzymological analyses were essential for final confirmation of their identities. The state of the frdA gene was checked by anaerobic growth tests on the glycerol plus fumarate medium of Spencer & Guest (1973) .
Briefly, the strains were constructed as outlined below; only relevant genotypes are shown. JRG780 (frdAll) is a primary mutant (~1 of Lambden & Guest, 1976 ; Table 1 ). JRG781 (sdh) is a Gal+ transductant of ~~2 0 2 4 unable to utilize succinate or acetate as substrates: donor, JRG782 (sucAI) is a succinate-requiring Gal+ transductant of ~~2 0 2 4 : donor, ~~G 7 9 6 (sucA1). JRG783 (aceA) is a rifampicin-resistant transductant of ~~2 0 2 4 unable to use acetate as sole carbon and energy source : donor, K8-5mR (aceA).
JRG784 (frdAIl sdh) is a Gal+ transductant of JRG780 (frdAIl) unable to use acetate and succinate as substrates: donor, ~~~1 9 2 (sdh). ~~~7 8 5 (frdAll sucAl) was constructed by screening Gal+ transductants Of JRG780 (fvdAII) for a succinate requirement on glucose minimal medium: donor, JRG796 (sucAI). ~~~7 8 6 (frdAll aceA) is a rifampicin-resistant transductant of JRG780 (frdAll) unable to use acetate as sole carbon and energy source; donor, K8-5m~ (aceA).
JRG787 (sdh sircAI) was obtained as a Gal+ transductant of ~~2 0 2 4 , incapable of using succinate and acetate as sole carbon and energy source and lacking both succinate and 2-oxoglutarate dehydrogenase activities ; donor, JRG798 (sdh sucAI).
JRG788 (sdh aceA) was derived from JRG783 (aceA) as a Gal+ transductant incapable of using succinate as sole substrate; donor, ~~~1 9 2 (sdh). JRG789 (sucA1 aceA) is a succinate-requiring Gal+ transductant of JRG783 (ace& ; donor, JRG796 (suckfl). ~~~7 9 0 (frdAll sdh sucAI) was obtained as a Gal+ transductant of ~~~7 8 0 (frdkfll) unable to use succinate and acetate as sole carbon and energy source and lacking both succinate and 2-oxoglutarate dehydrogenase activities; donor, JRG798 (sdh sucA1). ~~~7 9 1 (frdAll sdh aceA) is a Gal+ transductant of ~~~7 8 6 (frdAll aceA) incapable of using succinate as sole carbon and energy source; donor, ~~~1 9 2 (sdh). JRG792(fvdAIl sucAl aceA) is a Gal+ transductant of ~~~7 8 6 c f v d A I I aceA) requiring succinate for growth on glucose minimal medium; donor, ~~~7 9 6 (sucAI). ~~~7 9 3 (sdh sircAl aceA) was derived from ~RG783 (aceA) as a Gal+ transductant incapable of using succinate as substrate and lacking succinate and 2-oxoglutarate dehydrogenase activities ; donor, JRG798 ~~~7 9 4 (fidAll sdh siicAI aceA) is a Gal+ transductant of ~~~7 8 6 (frdAll aceA) incapable of using succinate as substrate and checked enzymologically for joint inheritance of sdh and suc markers; donor, J~G798 (sdh sucAZ).
Abbreviations. The genetic symbols are those used in the recalibrated linkage map of E. coli (Bachmann, Low & Taylor, 1976) . The phenotypic symbols are based on the genotypic symbols but, in this and a previous study (Creaghan & Guest, 1977) , additional symbols have been used to describe individual features JRG192 (Sdh).
(sdh sucAl).
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of particular phenotypes. This is because the suppressing mutations investigated affect some but not all components of the primary mutant phenotype. Thus, a l@ mutant, with the Lip-phenotype, is characterized by requirements for succinate (loss of succinate independence, Sin-) and acetate (loss of acetate independence, Ain-) during aerobic growth on glucose, and the inability to use succinate (Sut-) and acetate (Aut-) as sole carbon and energy sources in the absence of exogenous lipoate, i.e. Lip-= Sin-Ain-Sut-Aut-. Revertants which have regained the succinate-independent (Sin+) component, but not all components of the wild-type phenotype, are designated Lip-Sin+. This is presumed to be due to secondary mutational events affecting gene(s) denoted by the symbol sin. Consequently, lesions in the sin gene generate a Sin+ phenotype in lip mutants; the opposite signs for genotypic and phenotypic symbols are an inevitable consequence of the secondary mutations being suppressors. In many cases the sin mutations appear to affect the sdh gene.
Media. The basal minimal medium E of Vogel & Bonner (1956) was used in all experiments except the growth yield experiments where the citrate-free medium of Spencer & Guest (1973) was used. Independent tests showed that the presence of citrate had no effect on the nutritional phenotypes described. Substrates were (m) : D-glucose, 11 (unless stated otherwise); D-galactose, 28 ; potassium succinate, 40; and potassium acetate, 40. Supplements of acetate (2 m), succinate (2 mM), DL-lipoic acid (0.1 ,ug ml-l), L-lysine (40 ,ug ml-l), L-methionine (20 pg ml-l), meso-diaminopimelate (100 pg ml-l), 5-aminolaevulinate (10 ,ug ml-l) and other appropriate supplements were added to minimal media where required. The complex medium use6 for growth and maintenance of organisms was L agar and L broth (Lennox, 1955) . All media were solidified with Difco Bacto agar (15 g 1-l). Some of the media containing acetate or succinate as substrates were enriched with Difco Bacto nutrient broth (0.2 %, v/v).
Growth tests. Growth requirements were examined by streaking dilute saline suspensions on plates of test media; only one strain was tested on each plate to avoid artefacts caused by cross-feeding. Growth at 37 "C was scored daily for up to 5 d depending on the medium. The growth characteristics on glucose were also confirmed in liquid media.
Enzymology. The growth of organisms and preparation of ultrasonic extracts for enzymological studies were as described by Creaghan & Guest (1977) . Enzyme activities were all measured spectrophotometrically in the region of proportionality between initial reaction velocity and protein concentration at 25 "C (unless stated otherwise) and are quoted as pmol substrate transformed (mg protein)-l h-l. Details of the enzymological assays have been published previously (Creaghan & Guest, 1977) .
Genetic methods. Conjugations were performed by cross-streak matings on plates of selective media at 37 "C. Washed suspensions of 10-fold concentrated early-exponential phase donor cultures were streaked at right angles across washed suspensions of stationary phase recipient cultures. Recombination was indicated by growth in the tail of the donor streak and conjugants were purified from this region.
Transductions with the temperate phage P1 were performed by the method of Spencer, Lebeter & Guest (1976) using a multiplicity of infection of 2 (or 0.1 for constructing non-lysogenic transductants). Transductants were pursed on the selective medium before scoring non-selective markers.
Growth yields. A method based on that of Cox et ul. (1970) was used. For the inocula, 0.1 ml of fresh (8 h) L broth cultures were transferred to 5 ml of glucose (11 m~) minimal medium and shaken at 37 "C for 18 h. These cultures were washed in substrate-free salts medium and diluted so that 0.1 ml inocula gave absorbances (at 610 nm) of 0.02 when added to 9.9 ml of citrate-free growth medium in a side-arm flask.
Growth was followed until no further increase in absorbance occurred using media containing glucose at 1, 2, 3, 4 and 5 mM. The yields remained linear with respect to glucose concentrations up to 5 m~ but a concentration of 4 rn (plus 2 rn succinate for those strains requiring it) and an incubation time of 24 h were routinely used. All cultures were checked to ensure that reversion had not occurred during growth.
Huem content. The total haem contents of the ultrasonic extracts used for enzymology were determined by difference spectra (Porra & Jones, 1963) . A mixture containing bacterial extract (1.6 ml; approx. 20 to 30 mg protein), NaOH (0.2 ml, 1 M) and pyridine (0.4 ml) was distributed between two 10 rnm light path cuvettes; potassium ferricyanide (0.02 ml, 2 m) was added to one (oxidized, reference) and sodium dithionite (approx. 0.6 mg) to the other (reduced, sample). The reduced versus oxidized difference spectrum (370 to 600 nm) was scanned and the haem contents were calculated using the millimolar absorption coefficients L4420--390 = 137 rn-l cm-I and = 20.1 m-l cm-l. The averages for the two determinations were taken and the haem content was related to the protein concentration as nmol haem (mg protein)-l. Succinate biosynthesis in E. coli
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RESULTS
Studies with lipoate-requiring mutants Reversion studies with lip mutants.
Mutants blocked in lipoate biosynthesis require exogenous lipoate for aerobic growth on glucose, acetate or succinate as sole carbon and energy sources, but their lipoate requirement can be replaced by supplements of acetate plus succinate (2 mM of each) for growth on glucose. Consequently, the Lip-phenotype of lip mutants may be regarded as a composite nutritional phenotype, Sin-Ain-Sut-Aut-, denoting the lack of succinate and acetate independence (Sin-Ain-) and the inability to utilize succinate (Sut-) and acetate (Aut-) as substrates, according to the terminology of Creaghan & Guest (1977) .
Spontaneous revertants of a lip mutant ( J R G~~) were selected on several different media (Table 2 ) and subsequent nutritional tests indicated the presence of three distinct classes. One class having a wild-type (Lip+) phenotype was recovered from all of the primary selections; indeed the back mutant was the sole class recovered by selecting for the ability to utilize succinate or acetate as sole carbon and energy sources. Members of a second class, designated Lip-Sin+, still required acetate (or lipoate) for growth on glucose minimal medium but were independent of the succinate supplement. Furthermore, these revertants were incapable of utilizing succinate or acetate as substrates, even when exogenous lipoate was provided. Thus it would appear that a secondary mutation, which suppresses the requirement for succinate, compounds the defect in succinate and acetate utilization, because the primary defect is overcome by exogenous lipoate. Only 40% of the revertants selected on acetate-supplemented glucose medium (Sin+ selection) were Lip+, the remainder being of the Lip-Sin+ class (Table 2 ). Relatively high yields of Lip-Sin+ revertants were also obtained by selecting on unsupplemented glucose medium (Sin+Ain+ selection). This is presumably due to acetate cross-feeding by Lip+ revertants. Acetate-independent revertants, representing a third class and designated Lip-Ain+, were only recovered from the Ainf selection (Table 2) . Their Sut-and Aut-phenotypes were conditional on the exclusion of lipoate. They resembled the Lpd-Ain+ revertants described previously (Creaghan & Guest, 1977) but the biochemical basis for the suppression of the acetate requirements of both groups has not been investigated. Colonies which were subsequently found to retain the complete Lip-phenotype of the primary mutant were recovered from all three glucosebased selective media. Their growth was presumably supported by cross-feeding and they are not included in Table 2 . Similar results were obtained with another mutant JRG33 (lip-9) .
Enzymological studies with Lip-Sin+ revertants. Ultrasonic extracts of parental lip mutants (grown with lipoate or acetate plus succinate) and typical Lip+ and Lip-Sin+ revertants were assayed for relevant enzyme activities. Representative results (Table 3) showed that Lip+ revertants contained active pyruvate and 2-oxoglutarate dehydrogenase complexes when grown in lipoate-free media. By contrast, the Lip-Sin+ revertants remained deficient in both dehydrogenase complexes but a common feature was a deficiency in succinate dehydrogenase (Table 3) ; no other significant changes in the enzyme profiles could be detected. This deficiency in succinate dehydrogenase is undoubtedly responsible for the inability of the Lip-Sin+ revertants to use acetate and succinate as sole carbon and energy sources even when lipoate was added to restore functional 2-0x0-acid dehydrogenase complexes. The Lip-Sin+ revertants are clearly analogous to the Lpd-Sin+ revertants described previously (Creaghan & Guest, 1977) . In both cases succinate independence is a consequence of the lack of succinate dehydrogenase.
Genetic studies with Lip-Sin+ revertants. Genetic studies confirmed that the succinate requirements of lip and lpd mutants are suppressed by similar mechanisms involving the sdh gene. The location of the suppressing mutations (sin) was first investigated by conjugation between the Lip-Sin+ revertants of J R G~~ (lipgal) and a series of five F-gal+ donor 
Sin-SutfAut-(SUC-) Number 78 (46) 90 (54) 76 (40) 113 (60) 71 (46) 84 (54) 51 (100) 40 (100) 32 (29) 80 (71) 28 (39) 43 (61) (%) strains using appropriate nutritional counterselection against the parental strains. Gal+ conjugants were obtained in all crosses and conjugants capable of using succinate and acetate were obtained on the corresponding lipoate-supplemented media with the long plasmids F l s (F100-2; sdh+gal+) and F152 (lip+sdh+gal+), but not with the shorter plasmids F152-1, F8 and F450 (F100-l), which do not carry the sdh or lip genes (Creaghan & Guest, 1977) . This locates the suppressing mutations in the region containing the sdh gene, i.e. the same place as the sin mutations isolated in Ipd mutants (Creaghan & Guest, 1977) . It was also noted that 95 yo (38/40) of the succinate-and acetate-utilizing conjugants obtained with the F152 donor were capable of growing on lipoate-free succinate, acetate or glucose medium, signifying that wild-type alleles of the genes responsible for both of the defects in Lip-Sin+ revertants (lip and sin) are linked in this plasmid.
Reconstruction experiments were performed in which strains possessing the Lip-Sin+ phenotype were generated by P1 transduction with J R G~~ (lipgal) as recipient and two donors: a well-characterized sdh mutant (~~~1 9 2 ) and a strain (~~~7 2 3 ) carrying a sin mutation which was originally isolated by partial reversion of a lipoamide dehydrogenase mutant (Table 4) . Gal+ transductants were selected in the presence of lipoate and found to be of two types, Lip-Sin+ and Lip-; the respective gal-sdh and gal-sin cotransduction frequencies were 74% and 63 76. The reconstructed Lip-Sin+ strains had the same enzymological profiles as the spontaneous revertants (Table 4 ) and the results confirm that the mutations causing succinate independence (sin) are indistinguishable from those causing succinate dehydrogenase lesions (sdh).
Studies with sucA mutants
The requirement for succinate is a characteristic feature of lip (lipoate biosynthesis) and Ipd (lipoamide dehydrogenase) mutants, presumably due to inactivation of the succinyltransferase (E2) and flavoprotein (E3) components of the 2-oxoglutarate dehydrogenase complex. The dehydrogenase (El) component of this complex is inactivated by sucA mutations, but it was important to determine whether the succinate requirement (Sin-phenotype) of sucA mutations could be suppressed by a similar mechanism involving inactivation of succinate dehydrogenase.
Reversion studies with sucA mutants. The reversion of mutants JRG47 and JRG72, possessing the same sucAl mutation and the same composite nutritional phenotype Sin-Sut-Aut-, was examined and typical results are presented in Table 2 . Two classes of succinate-independent revertants were obtained on glucose minimal medium (Sin+ selection). They were both designated Suc-Sin+ because neither regained the complete Suc+ phenotype by acquiring the ability to utilize acetate. The revertants differed with respect to their Sut phenotype; the Sut-class (designated Suc-Sin+. A) most closely resembled the Lpd-Sin+ and Lip-Sin+ revertants, which were all incapable of using succinate as sole substrate. The other class of succinate-independent revertant exhibited a Sut+ phenotype (Suc-Sin+ . B) and was the sole class of Sin+ revertant obtained on succinate minimal medium (Sutf selection, Table 2 ). No acetate-utilizing revertants were detected, even by direct selection, but the results clearly show that the succinate requirement of suc mutants can be suppressed by mechanisms other than back mutation. The analysis of suc mutants has always been complicated by the observation that individual mutants differ in their ability to grow on succinate medium (Herbert & Guest, 1968 ). This characteristic is unstable, but its biochemical and genetic basis has not been investigated.
Enzymological studies with Suc-Sin+ revertants. The enzymological profiles of representative Suc-Sin+.A revertants (~~~7 9 7 and JRG802) are characterized by the absence of detectable 2-oxoglutarate dehydrogenase overall complex activity and a deficiency in succinate dehydrogenase (Table 3) . These results uphold the analogy between this class of revertant and the Lpd-Sin+ and Lip-Sin+ revertants, because they all retain the original defect and gain a secondary lesion which affects succinate dehydrogenase. The other succinate-independent revertants (Suc-Sin+ . B), represented by JRG803, also retained the primary lesion (Table 3) . However, apart from a somewhat elevated capacity for succinate dehydrogenation no evidence concerning the nature of the suppressor mechanism operating in this class of revertant was obtained. Nevertheless, it is apparent that a second suppressor mechanism exists, at least when the primary lesion affects the dehydrogenase component of the 2-0x0-glutarate dehydrogenase complex (the sucA gene product). The elevated rate of succinate The scheme outlines the construction of strains with a Lip-Sin+ phenotype by combining the lip-9 mutation with an authentic sdh mutation and a sin mutation derived from a Lpd-Sin+ revertant. Gal+ transductants were selected on galactose medium supplemented with lipoate and scored for the ability (Lip-) or inability (Lip-Sin+) to grow on lipoate-supplemented succinate and acetate media. Enzymes were assayed in cell-free extracts of organisms grown in glucose minimal medium with acetate plus succinate (2 r m of each) as described in Methods and activities are expressed as pmol substrate transformed (mg protein)-l h-l. Abbreviations as in Table 3 .
Gal+ transductants
FreEnzyme specific activity Genetic studies with Suc-Sin+ revertants. Conjugation between JRG797 (gal suc sin) and F-gal+ donors transferring wild-type sue and sdh genes (Fls and F152) generated succinateutilizing exconjugants which were all Suc+ (Sin+Sut+Aut+), indicating that the suc and sin mutations are very close. Phage P1-mediated transductions using wild-type donors, w3110 and w1485~, and JRG797 demonstrated that the sin and sue loci are very closely linked and that both markers are 30 to 40% cotransducible with gal. These results are consistent with the sin mutations affecting the sdh gene.
Succinate (and succinyl-CoA) synthesis in Escherichia coli
Succinyl-CoA is required for the biosynthesis of 5-aminolaevulinate (porphyrins), methionine, lysine and diaminopimelate. The fact that mutants of E. coli lacking overall 2-oxoglutarate dehydrogenase complex activity require succinate at a concentration of 2 mM for best aerobic growth on glucose minimal medium indicates that the oxidative decarboxylation of 2-oxoglutarate is the major source of succinyl-CoA and succinate. However, it is apparent that organisms with defects in any one of the three components of the multienzyme complex can derive sufficient succinate (succinyl-CoA) from other sources, provided that succinate dehydrogenase is also inactive. Several alternative sources were considered. The reduction of fumarate by fumarate reductase (normally repressed during aerobic growth) and the cleavage of isocitrate by isocitrate lyase (normally repressed and inhibited during aerobic growth on glucose) could contribute some succinate under the special conditions imposed when other routes are blocked. Another potential route is the oxidation of succinate semialdehyde, generated from 2-oxoglutarate either by an independent decarboxylase or by the decarboxylating function of 2-oxoglutarate dehydrogenase. Succinate semialdehyde dehydrogenase is normally induced for the metabolism of 4-aminobutyrate (Dover & Halpern, 1972) but it could form part of a minor route to succinate which by-passes the tricarboxylic acid cycle route (2-oxoglutarate dehydrogenase complex and succinyl-CoA synthetase).
To identify the alternative source(s) of succinate and to assess the relative importance of different routes of succinate synthesis during aerobic and anaerobic growth on glucose, a series of mutants was constructed (see Methods). These mutants possessed all combinations of lesions in 2-oxoglutarate dehydrogenase (sucAI), succinate dehydrogenase (sdh), fumarate reductase (frdAII) and isocitrate lyase (aceA) in a single parental strain (~~2 0 2 4 ) derived from w3110 and previously shown to be deficient in succinate semialdehyde dehydrogenase (Creaghan & Guest, 1977) .
Enzymological and nutritional characteristics of mutant strains. The enzymological phenotype of each constructed strain was investigated to ensure that it corresponded to the desired phenotype ( Table 5) . This was particularly important because the nutritional phenotypes of many of the strains could not be predicted with certainty. The mutations lowered the corresponding specific activities of all enzymes to less than 1 yo of the parental level, except for succinate dehydrogenase and fumarate reductase where the assays (succinate oxidation and fumarate reduction) are not specific for the individual enzymes and values of up to 5 yo of the parent were accepted when only one of the enzymes was affected by mutation. All the mutants were thus considered representative of the corresponding genotypes.
The nutritional phenotypes of the constructed strains are listed in Table 6 . It is apparent that only those strains which lack 2-oxoglutarate dehydrogenase but possess an active succinate dehydrogenase (suc-sdh+) require succinate for aerobic growth on glucose. Also, the succinate-requiring phenotype was always suppressed by inactivating succinate dehydrogenase (Table 6) . No combination of lesions in succinate dehydrogenase, isocitrate 1 0 I. T. C R E A G H A N A N D J. R. GUEST succinate and acetate minimal media. Incubation was at 37 "C and growth was scored daily for up to 5 d depending on the medium. Aerobic growth yields were determined in citrate-free minimal medium with growth limiting concentrations of glucose (see Methods). The results areexpressed as a percentage of the yield for the parental strain (~~2 0 2 4 ) which was 1 2 0 g dry wt mol-'. Succinate (2 m) was added to the media for cultures which required this supplement and the corresponding yields, related to the yield for the parental strain using the same conditions, are shown in parentheses. lyase and fumarate reductase generated a requirement for succinate (Sin-phenotype) ; nor did the quadruple mutant (JRG794) have a Sin-phenotype. Growth tests in glucose liquid media confirmed the results obtained on solid media. However, it was apparent that the growth rates of the succinate-independent mutants lacking isocitrate lyase were lower than those of the parental strain. The two most seriously affected mutants, JRG793 (sdh sucA aceA) and JRG794 (frd sdh sucA aceA), grew faster with added succinate (Fig. 1) . Exogenous succinate had no effect on the growth rates of the other mutants under the same conditions.
Strain
The succinate requirement of suc mutants can be replaced by lysine plus methionine (Herbert & Guest, 1968) , but comparable studies showed that 5-aminolaevulinate (10 pg ml-l) was inactive in this respect. Several products of succinyl-CoA metabolism were tested for their ability to spare the succinate requirement of the sucA mutant JRG782 (Fig. 2) . Significant effects were observed with meso-diaminopimelate and lysine but methionine and 5-aminolaevulinate had no sparing action. In the same context, the haem contents of several strains were measured ( Table 7) . The values obtained for the parental and mutant strains grown with added succinate were similar. However, the haem content of the succinateindependent quadruple mutant ~~~7 9 4 (frd sdh sucA aceA) was reduced much more than that of the parental strain by growth in the absence of exogenous succinate. This is a further indication that succinate is limiting the growth of this multiple mutant, despite its succinateindependent phenotype.
Growth yields. Aerobic growth yields were determined by a modification of the method of Cox et al. (1970) using limiting concentrations of glucose. The results were largely predictable and consistent with the metabolic lesions (Table 6 ). Amongst the succinate- independent strains, the succinate dehydrogenase deficiency was responsible for the largest reduction in growth yield produced by a single mutation. The significant reduction in yield caused by lack of isocitrate lyase, alone or combined with other lesions, was not expected but paralleled the effects of this deficiency on growth rate. It would appear that isocitrate lyase performs an important role in energy conservation and succinate metabolism in these icZR mutants of E. coli. Predictably, lack of fumarate reductase had no effect on growth yield. Pairwise combinations of the sdh, sucA and aceA lesions reduced the yields to 46 to 48% of the parental value and the most dramatic reductions were observed by combining all three defects (in ~~~7 9 3 and ~~~7 9 4 ) , where the growth yields were reduced to 29% of the parental value (Table 6) .
The results for the succinate-requiring mutants are complicated by the presence of exogenous succinate. Nevertheless, it is clear that by blocking the tricarboxylic acid cycle the sucA mutation limits the amount of energy available for supporting growth. Anaerobic growth. The series of constructed strains were tested for their ability to grow anaerobically on glucose minimal medium (Table 6 ). The combined deficiency in isocitrate lyase and fumarate reductase (aceA frd) generated a requirement for exogenous succinate. No other combination of markers had this effect.
DISCUSSION
The succinate-independent revertants of lip and sucA mutants resembled the class of Zpd mutants studied previously (Creaghan & Guest, 1977) in possessing gal-linked mutations and lacking succinate dehydrogenase. The combined results demonstrate that the succinate requirement of mutants defective in any one of the three components of the 2-oxoglutarate multienzyme complex (El, sucA; E2, Zip; E3, Ipd) can be suppressed by mutations which inactivate succinate dehydrogenase. The suppressing mutations (sin) are non-specific and almost certainly affect the sdh gene because the Sin-phenotype of a lip mutant could be suppressed by a completely independent sin mutation (isolated in an Ipd mutant) and by an independent sdh mutation. It is therefore concluded that the succinate requirements of all three types of mutant are suppressed by the same intergenic and indirect mechanism. Succinate dehydrogenase appears to generate a requirement for exogenous succinate in mutants lacking the 2-oxoglutarate dehydrogenase complex by depleting the intracellular pools of succinate and succinyl-CoA, but this auotrophy is eliminated by inactivating the enzyme. The discovery of a second class of succinate-independent sucA revertant (Suc-Sin+) points to the existence of another indirect suppressor mechanism.
Attempts to identify the source(s) of succinate (succinyl-CoA) needed for synthesizing porphyrins (5-aminolaevulinate), protein (lysine and methionine) and peptidoglycan (diaminopimelate) in the suppressed mutants showed that a strain possessing no detectable 2-oxoglutarate dehydrogenase, isocitrate lyase and succinate semialdehyde dehydrogenase and lacking fumarate reductase becomes succinate-independent when the succinate dehydrogenase is inactivated. Other undetected routes may be supplying succinate, but the reduced growth rate, growth yield and haem content of the glucose-grown multiple mutant suggest that it is succinate-starved. However, since succinyl-CoA performs a ' catalytic' role in amino acid synthesis and the haem content of glucose-grown organisms is very low, a rate of succinate (succinyl-CoA) synthesis as low as 0.05 nmol (mg protein)-l h-l could support a growth rate of one doubling per hour. Such rates of succinate synthesis are well below the sensitivities of the enzyme assays and they could even be satisfied by very low residual activities in mutant enzymes. Thus it would appear that the high succinate concentration (2 mM) required by sucA and other mutants is a direct consequence of the presence of an active succinate dehydrogenase. This dehydrogenase could not only limit the intracellular succinate concentration, but create a greater demand by channelling the C,-unit into other metabolites derived from tricarboxylic acid cycle intermediates. It has always been difficult to explain why lysine plus methionine replace succinate for suc, Zip and Zpd mutants, and 5-aminolaevulinate does not. It could simply reflect differences in the relative affinities for succinyl-CoA of the enzymes involved in the biosynthesis of the amino acids and the porphyrin precursor : sufficient succinyl-CoA may be maintained to permit porphyrin synthesis but not amino acid synthesis. Alternatively, the amino acids could produce a general sparing of C,-intermediates by affecting aspartate metabolism (feedback inhibition at aspartokinase). Also, in view of the very small demand on succinyl-CoA made by porphyrin synthesis, it is not surprising that a succinate-sparing effect could not be detected with 5-aminolaevulinate. The lysine plus methionine combination also serves as a growthpromoting or replacement mixture for other mutants, e.g. ubiquinone mutants and purinethiamin mutants (thiamin component). Here the connection is even less clear but it could be related to the levels of intermediates (particularly succinyl-CoA) in the tricarboxylic acid cycle and the biosynthetic functions of the cycle, or it could be a direct consequence of energy sparing, because methionine biosynthesis is expensive in terms of ATP (Stouthamer, 1973) and because thioester bonds are consumed in lysine and methionine synthesis.
Anaerobically, when the 2-oxoglutarate dehydrogenase complex and succinate dehydrogenase are repressed (Amarasingham & Davis, 1965 ; Spencer & Guest, 1973) , isocitrate lyase and fumarate reductase are essential and alternative sources of endogenous succinate. The ready demonstration of succinate-dependent anaerobic growth (in frd aceA mutants) contrasts sharply with the succinate-independent aerobic growth of many of the multiple mutants. It is not clear whether more succinate is required anaerobically or whether the combined effects of mutation and repression impose greater metabolic blocks. The results also indicate that the presence of an active isocitrate lyase contributes to the efficiency of growth on glucose. In this respect it is interesting to note that all the strains of E. coli K12 used in this work, including the prototrophs, express the glyoxylate cycle enzymes constitutively.
